A striking example of antagonistic drug effects (2) is afforded by the observation that in man salicylate, itself uricosuric in high dose, inhibits the pronounced uricosuria produced by probenecid (3, 4), sulfinpyrazone1 (5-9), and zoxazolamine (9) (10) (11) . This suppressive action of salicylate has been assumed to be due to its successful competition with these drugs, and with uric acid, for renal tubular transport; one aspect of this competition is expressed as inhibition of tubular secretion of uric acid by small (and large) doses of salicylate, which partially counterbalances the inhibition of tubular reabsorption of uric acid produced by uricosuric agents (12). The present study provides experimental support for the operation of these mechanisms, but indicates that the interactions at least of salicylate and sulfinpyrazone are even more complex, involving competition also for binding sites on transporting plasma proteins, and possibly elsewhere. The consequences of the interplay of competition at these various sites are described in man, and also in the dog, in which mutual suppression of the uricosuric effects of sulfinpyrazone and salicylate, so apparent in man, could not be demonstrated.
A striking example of antagonistic drug effects (2) is afforded by the observation that in man salicylate, itself uricosuric in high dose, inhibits the pronounced uricosuria produced by probenecid (3, 4) , sulfinpyrazone1 (5) (6) (7) (8) (9) , and zoxazolamine (9) (10) (11) . This suppressive action of salicylate has been assumed to be due to its successful competition with these drugs, and with uric acid, for renal tubular transport; one aspect of this competition is expressed as inhibition of tubular secretion of uric acid by small (and large) doses of salicylate, which partially counterbalances the inhibition of tubular reabsorption of uric acid produced by uricosuric agents (12) . The present study provides experimental support for the operation of these mechanisms, but indicates that the interactions at least of salicylate and sulfinpyrazone are even more complex, involving competition also for binding sites on transporting plasma proteins, and possibly elsewhere. The consequences of the interplay of competition at these various sites are described in man, and also in the dog, in which mutual suppression of the uricosuric effects of sulfinpyrazone and salicylate, so apparent in man, could not be demonstrated.
METHODS
The standard renal clearance techniques previously employed (13, 14) were used. The studies in man were all made in gouty males. In six experiments (in five men), after three or four 15-minute control periods, sulfinpyrazone was infused, 300 mg to prime and 10 mg per minute to sustain. After 30 to 40 minutes for equilibration, the ensuing plasma and urinary sulfinpyrazone and uric acid 11,2-Diphenyl-4-(2-phenylsulfinylethyl) -3,5-pyrazolid nedione. concentrations were measured over three or four 10-minute collection periods. With the sustaining sulfinpyrazone infusion continued at the same rate, sodium salicylate was then infused concurrently, 3 g to prime and 10 to 20 mg per minute to sustain. The collection periods were continued for about 1 hour. Two of the five men (NG and ER) received sodium bicarbonate together with the salicylate to allow study of the effect of alkalinization of the urine.
Three companion experiments in men followed the same procedure except for reversal of the order of infusion: sodium salicylate was given first, and then sulfinpyrazone, both in the same dosages as before. For analysis in greater detail of the effect of salicylate upon the plasma concentrations of sulfinpyrazone (P8pz), a ninth man was given 800 mg iv sulfinpyrazone first, then 3 g of sodium salicylate 1 hour later, and blood samples were taken every 30 minutes.
Parallel studies were made in dogs, each receiving throughout a urate infusion at the rate of 5 to 10 mg per minute. In four mongrel and two Dalmatian dogs, sulfinpyrazone was infused first, 300 mg to prime and 1.6 mg per minute to sustain, and then sodium salicylate, 1 g to prime and 10 to 20 mg per minute to sustain. Two mongrels and three Dalmatians received the same infusions in reverse order. For investigation of any paradoxical effect of salicylate on uric acid excretion in the dog, two mongrels and two Dalmatians were given sodium salicylate infusions at a slowly increasing rate, as previously described in man (12) . For study in greater detail of the effect of salicylate on Pspz in the dog, a mongrel was given 500 mg iv sulfinpyrazone and 1 hour later, 2 g iv sodium salicylate.
The glomerular filtration rate (GFR) was measured in man as the clearance of inulin (Ci.) determined by a resorcinol method (15) , and in the dog as the exogenous creatinine clearance (Ccr), determination of creatinine, by the method of Bonsnes and Taussky (16 Binding to plasma proteins was determined by equilibrium dialysis at 370 C through a Visking membrane against 17 ml of 1/15 M KH2PO4-Na2HPO4 buffer at pH 7.4, as previously described for phenylbutazone by Burns and associates (19) . In some experiments, the drugs were added in vitro in 1 ml of buffer directly to 5 ml plasma or 5 ml 5%o albumin in buffer; 2 in others, the plasma was from human subjects or dogs previously given sulfinpyrazone, salicylate, or both. After 36 to 48 hours, a sample of the outside phase was tested for leakage with 10%o trichloroacetic acid; then both phases were analyzed. In the experiments with drugs added, the amounts were 0.60 mg of sulfinpyrazone and 12.0 mg of sodium salicylate, with the pH of the drug solution carefully adjusted to 7.4. In all experiments, the equilibrium 2Crystalline human albumin, Nutritional Biochemicals Corporation, Cleveland, Ohio. concentration of sulfinpyrazone inside the dialysis bag ranged from 20 to 85 mg per L. Similar procedures were used in experiments on the binding to human albumin of each of the two optically active isomers of sulfinpyrazone, except that 12 mg of sodium salicylate was used.
For determination of how much of the sulfinpyrazone displaced from plasma protein-binding sites by salicylate enters blood cells, 10 ml of blood collected in heparinized, siliconized syringes was delivered into each of three siliconized test tubes. To tube 1 was added 0.6 mg sulfinpyrazone dissolved in 2 ml Sorensen buffer at pH 7.4; to tube 2 (control), a corresponding solution of 2.4 mg sodium salicylate was added; and to tube 3, a corresponding solution containing both drugs. After incubation for 30 minutes at 37°C and centrifugation to separate the plasma, Pspz of tube 1 exceeded that of tube 3; the difference represents cell uptake of free sulfinpyrazone in a closed system under the -conditions described.
RESULTS

Experiments in man
Sulfinpyrazone infused initially, then conjointly with salicylate. Sulfinpyrazone infused at a rate sufficient to maintain Pspz at 2.9 to 4.9 mg per 100 Top: in GH, the marked increase in Curate/GFR effected by sulfinpyrazone (SPZ) was promptly abolished when salicylate (SAL) was also infused. In this instance the urine was acid. In FA, whose urine was alkaline, salicylate also exerted a markedly suppressive effect, but Curate/GFR did not return to control levels. Bottom: in IB, the uricosuric action of salicylate in large dosage was suppressed by concurrent infusion of sulfinpyrazone.
ml was excreted at a rate of 0.26 to 1.18 mg per minute (in Table I With the rate of sulfinpyrazone infusion unchanged, sodium salicylate was then also infused at a rate sufficient to maintain high plasma salicylate concentrations (PSAL), 16 .9 to 22.5 mg per 100 ml.
The effects were noteworthy in three respects (Table I). 1) When the urine remained acid (GH, MK), UurV and Cur/Cin fell rapidly to levels near those before infusion of sulfinpyrazone (Figure 1) , i.e., the uricosuria produced by sulfinpyrazone was more or less completely abolished; moreover, salicylate evidently also failed to exert any uricosuric effect of its own. 2) When the urine was alkaline (FA), or rendered alkaline by infusion of sodium bicarbonate (ER, NG), UurV and Cur/Cin declined markedly, but tended to remain above control levels ( Figure 1 ). The plasma concentrations of sulfinpyrazone (Ptotal spz) declined, from a mean of 3.9 to 2.3 mg per 100 ml, a decrease of 41 %, without any accompanying rise in sulfinpyrazone excretion. That this decline reflects displacement of plasma protein-bound sulfinpyrazone by salicylate is shown in experiments to be described later.
3) The excretion of free salicylate was less than expected at the prevailing PSAL (12, 21) ; in GH and MK, it averaged only 0.72 mg per minute at acid pH (Cfree SAL, 13 ml per minute), and 1.78 mg per minute at alkaline pH in FA, ER, and NG (Cfree SAL, 27 ml per minute). The salicylate filtered at the glomerulus, calculated on the basis of 70%, of PSAL bound to plasma proteins, greatly exceeded the salicylate appearing in the urine, whether alkaline or acid, indicating net tubular reabsorption. This contrasts with the usual experience with infusion of salicylate; at urinary pH 7.3 or above, excreted salicylate ordinarily approaches or exceeds filtered salicylate (12, 21 (Table II) . Sulfinpyrazone and salicylate caused no increase in Cur/Cer, which indeed declined somewhat (Figure 2 ), implying inhibition of tubular secretion of uric acid (14) ; the mean Cur in the five experiments cited in Dalmatian dogs decreased from 69.3 to 60.7 ml per minute, and the mean Cur/Cer from 1.36 to 1.04 (Table  II) . As the uric acid filtered at the glomerulus increased, without appreciable subsequent reabsorption in the tubules, the excretion of uric acid tended to rise.
In the Dalmatian dog, when sodium salicylate was added to the initial infusion of sulfinpyrazone, or vice versa, Cur (which did not increase markedly with the initial infusion, as it did in man) did not revert to control levels, as it did in man, but was virtually unaffected (Figure 2 .) As in man, however, the addition of salicylate to infusion of stulfinpyrazone resulted in a fall in Pspz unaccompanied by increased elimination of sulfinpyrazone in the urine (Table II) .
In the non-Dalmatian mongrel dog, infusion of a uricosuric agent, whether sulfinpyrazone or sodium salicylate, resulted in a small, net rise in uric acid clearance (Figure 2) , from a mean of 30.3 to 42.1 ml per minute, and in Cur/Ccr, from a mean of 0.47 to 0.62, in the six experiments cited in Table II. As not in man, the addition of sodium salicylate to an initial infusion of sulfinpyrazone, or vice versa, did not bring about a return of Cur and Cur/Cer to or toward premedication levels, but instead elicited some further increase, to a mean of 51.7 ml per minute and 0.73, respectively (Table II, Figure 2) . As in man, however, addition of sodium salicylate to an initial infusion of sulfinpyrazone effected a prompt fall in plasma sulfinpyrazone levels, without any accompanying increase in the urinary elimination of sulfinpyrazone (Table II) . Concurrent infusion of sulfinpyrazone did not seem to affect the renal excretion of salicylate appreciably.
It was not possible to demonstrate in the dog a paradoxical effect of salicylate on uric acid excretion like that in man (12) . Thus, in non-Dalmatian mongrel dogs, slow infusion of sodium v I salicylate (4 to 8 mg per minute; total dose, 300 to 500 mg) either induced no change in Cur/Ccr, or caused a modest rise. At PSAL varying from 1 to 6 mg per 100 ml-levels associated in man with distinct renal retention of uric acid (12)-no retention of uric acid was observed in the dog. Similar experiments in Dalmatian dogs showed only a progressive decline in Cur as more salicylate was infused.
Displacement by salicylate of sulfinpyrazone bound to plasma proteins In the clearance studies described, a fall in plasma sulfinpyrazone levels, unaccompanied by increased urinary excretion of the drug, was noted consistently in both man and dog when salicylate was injected after sulfinpyrazone. Figure 3 illustrates the prompt, sharp decline in Pspz in a man when, 90 minutes after a single iv injection of 800 mg sulfinpyrazone, a second injection of 3 g sodium salicylate was given. In the dog, this fall in Pspz is even more marked (Figure 3 ).
These results suggest redistribution of sulfinpyrazone as a result of displacement, by salicylate, of sulfinpyrazone bound to plasma proteins.
Equilibrium dialysis showed 98 to 99%o binding of sulfinpyrazone to plasma proteins in man at drug concentrations over the range 20 to 85 mg per L inside the dialysis bag (20) , but when salicylate was introduced at concentrations of 100 mg per L, the plasma protein-bound sulfinpyrazone promptly decreased to approximately 93%o. In the dog, 90 to 92%o of the sulfinpyrazone present was bound by plasma proteins, and this was reduced to 84 to 85%o when salicylate was added.
In reverse-order experiments, the percentage of plasma protein-bound salicylate was not altered significantly by the addition of sulfinpyrazone in concentrations of 100 mg per L.
The partial displacement of plasma proteinbound sulfinpyrazone by salicylate led to an increased concentration in plasma of free sulfinpyrazone and a small rise in the filtered sulfinpyrazone in man (Table I) , which presumably contributed to maintenance of excreted sulfinpyrazone levels after injection of salicylate. Excretion, however, would not account for the fall in plasma concentrations of total sulfinpyrazone, and expansion of the space of distribution is implied. There is some entry into red cells, since addition of salicylate in vitro reduced the plasma sulfinpyrazone concentration from 80 to about 65 mg per L, without any change in plasma salicylate.
Since sulfinpyrazone is a racemic mixture of two optically active forms (22) and salicylate might displace one of the isomers preferentially, binding experiments with human albumin were carried out with each of the isomers, and with each separately with salicylate. Both isomers were bound to the same degree (99%) as the racemic compound at concentrations of 80 mg per L, and this was reduced to 80% in the presence of salicylate, 800 mg per L.
The two optically active isomers of sulfinpyrazone are metabolized and excreted at similar rates (23) . In order to determine whether or not they affect tubular transport of uric acid similarly, a man was given 400 mg of the L-isomer orally in a single dose, and on another day, 400 mg of the D-isomer. 1335 No significant difference in uricosuric potency between the two isomers, or between them and the racemic compound was found. It would thus appear that the steric differences in the two isomers of sulfinpyrazone play no critical role in their capacity to inhibit tubular reabsorption of uric acid; this seems to be more closely related to the low pKa (2.8) that they share (24) . DISCUSSION The data show that in man, but not. in the dog, salicylate suppresses sulfinpyrazone uricosuria, and sulfinpyrazone suppresses salicylate uricosuria. Since the orbits of sulfinpyrazone (5, 23) and salicylate (25) (26) (27) in both man and dog meet for transport by plasma proteins and again for renal tubular transport, these were the presumptive sites of drug interaction examined. It is unlikely that competition for conjugative or degradative enzyme systems plays a significant role, particularly under the conditions of rapid loading; moreover, sulfinpyrazone is excreted largely unchanged and in small proportion as the p-hydroxylated derivative (23) , whereas the proportion of the salicylate that is metabolized appears largely as glycine and glucuronic acid conjugates and as gentisic acid (25, 26) .
Uric acid is not bound to plasma proteins (28, 29) , and so does not compete at this site with salicylate and sulfinpyrazone. Of the plasma salicylate, about 70% in man is bound to plasma proteins over the range 2 to 35 mg per 100 ml total plasma salicylate (21) ; in the dog, about 60%o is so bound (30) . Investigation of the nature and sites of salicylate binding (31) (32) (33) (34) (35) indicates, according to Davison and Smith (33) , that the receptors are predominantly E-amino groups of lysine residues of albumin; other groups may also be involved (36) . Sulfinpyrazone is more completely bound to plasma proteins, 98 to 99% in man (20) and about 92% in the dog (20) . Anton (37) showed that at equal concentrations of 100 ug per ml, the displacing activity of sulfinpyrazone (mol wt, 404) is greater than that of salicylate (mol wt of sodium salt, 160), at least in competition with sulfonamides for binding to plasma albumin. Davison and Strautz (34) Sulfinpyrazone and salicylate are presumed to compete likewise for receptor sites at the renal tubules, here also with uric acid, but these interactions have not been clearly defined, and the present study gives only the net effects on tubular transport of the three compounds. Interpretation of these net effects must be speculative as long as concurrent tubular secretion and reabsorption cannot be separately measured, and information about the nature and tubular sites of the transfer mechanisms involved is still fragmentary.
According to the available evidence, the tubules in man and dog actively secrete a variety of weak organic acids (38, 39) , including salicylate (12, 21, 26, 30) , sulfinpyrazone (20) , and uric acid (14, 29, 40, 41) . Tubular secretion of these compounds appears to be competitive (38) ; this is the interpretation of the renal retention of uric acid, i.e., inhibition of tubular secretion of uric acid, caused by small doses of salicylate in man (12, 42) . The present study suggests that sulfinpyrazone competes successfully with salicylate for tubular secretion in man, and that this is responsible, in part, for the renal retention of salicylate caused by sulfinpyrazone, whereas salicylate does not cause renal retention of sulfinpyrazone.
Tubular reabsorption of sulfinpyrazone (20) and salicylate (12, 21, 26, 30, 38) depends upon urinary pH, and so occurs by back-diffusion, whereas reabsorption of uric acid is active and virtually independent of urinary pH (29) . There is no information about the nature of the transport mechanisms for active tubular reabsorption of uric acid, or how and at what cellular sites they are interfered with by uricosuric agents such as sulfinpyrazone and salicylate. However this interference is achieved, whether by a blocking of receptor sites on the tubular cell membrane or otherwise, the present study indicates that in man, particularly when the urine is acid, salicylate virtually completely abolishes the inhibition of tubular reabsorption of uric acid effected by sulfinpyrazone, and vice versa. This action of salicylate is accomplished in the face of unchanged concentrations of sulfinpyrazone in the urine, which would suggest that salicylate somehow blocks the inhibition of active tubular reabsorption of uric acid that is ordinarily effected by sulfinpyrazone in these concentrations. In contrast, suppression of salicylate uricosuria by sulfinpyrazone is associated with a marked reduction in the urinary excretion of unconjugated salicylate, in acid urine, to levels lower than are required to evoke uricosuria (12) ; this may explain the absence of salicylate uricosuria, despite high plasma salicylate concentrations. The reduced urinary excretion of salicylate caused by sulfinpyrazone implies that tubular reabsorption of salicylate, passive and hence noncompetitive, is unimpeded by sulfinpyrazone, whereas tubular secretion of salicylate, competing with sulfinpyrazone for active transport, may well be diminished. The range of urinary pH in the present study is small, but it would appear that if the urine is made alkaline to trap salicylic acid, and thus enhance the urinary concentration of salicylate by decreasing the unionized form of the drug, its uricosuric effect is only partially blocked by sulfinpyrazone. Sulfinpyrazone does not block the uricosuric action of probenecid or zoxazolamine, since there is an additive uricosuric response when it is given in combination (9, 43) .
In the dog, including the Dalmatian coach hound, the magnitude of uric acid excretion regulated by the kidney is far less than in uricase-deficient man, so it is perhaps not surprising that the processes of tubular transfer are muted, even when the plasma uric acid concentration is raised artificially by infusion. Thus, in the mongrel dog the uricosuric effect of sulfinpyrazone and of salicylate is small as compared to that in man, and one drug hardly affects the response to the other; even the paradoxical effect of salicylate on uric acid excretion is not demonstrable. In the Dalmatian dog, neither sulfinpyrazone nor salicylate has a uricosuric action, since tubular reabsorption of uric acid is inherently defective, but both drugs seem to lower the uric acid clearance, apparently by inhibiting tubular secretion of uric acid. The present study gives no clear indication of mutual interference of the tubular secretion of salicylate and sulfinpyrazone in the dog.
SUM MARY
In man, the uricosuria produced by sulfinpyrazone is suppressed by uricosuric doses of salicylate, and the uricosuria produced by salicylate is likewise suppressed by sulfinpyrazone. In the dog, this antagonism between drugs is not demonstrable, nor could a paradoxical response to salicylate, like that in man, be elicited.
Two sites of interaction between sulfinpyrazone and salicylate were demonstrated, competition for binding sites on plasma proteins and competition for renal tubular transport. In both man and dog, sulfinpyrazone was displaced from binding sites on plasma proteins by salicylate in the concentrations employed. In man, sulfinpyrazone appears to compete successfully with salicylate for tubular secretion, but salicylate apparently blocks the inhibitory effect of sulfinpyrazone on tubular reabsorption of uric acid.
